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Abstract 
Rapid Manufacturing like Direct Metal Laser Sintering (DMLS) is starting to be implemented in the development of 
functional components. Therefore, surface integrity of these parts must be carefully analysed for the fulfillment of 
current technical requirements. In this work, CoCr, Maraging Steel and Inconel parts subjected to different thermal 
and mechanical finishing treatments (shot peening and polishing) have been characterized with the objective of 
determining the optimum stress relieving treatment. It has been studied the effect of these stabilization treatments 
mainly on residual stresses and hardness. In general, the rapid manufacturing process generates detrimental residual 
stresses and shot peening, and final polishing improve and homogenize the surface residual state of the parts. 
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1. Introduction 
Additive manufacturing or rapid prototyping has been developed subsequent to conventional 
machining. The first additive technologies were patented on 1971 [1], but the first applications of these 
technologies did not appear until later [2-4]. DMLS (Direct Metal Laser Sintering) process is a rapid 
prototyping technology that nowadays, with the introduction of new powder metal alloys and the 
improvements of equipments, is starting to be implemented in the development of functional parts in the 
aeronautical field. Thus, it can be necessary to subject DMLS manufactured parts to subsequent thermo-
mechanical treatments in order to improve the physical and mechanical properties of the parts and to 
fulfill final functional requirements. Therefore, it is essential to control the effect that each treatment has 
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on the final integrity of the parts, and this way being able to warranty a good working performance of the 
components. 
The manufacturing process of a component generates structural and residual stress changes in the 
material that affect the component service life. These residual stresses are specially important in some 
cases since they are added to the external stress fields leading to a real stress in the component higher (in 
the case of tensile residual stresses) than the nominal applied stress and therefore its fatigue life could be 
reduced resulting in a premature failure of the component. In this work, surface integrity of CoCr, 
Maraging Steel and Inconel 718 DMLS parts subjected to different thermal and finishing (surface 
polishing and shot peening) treatments has been characterized with the objective of determining the 
optimum stress relieving treatment. 
2. Experimental procedure 
The technology used to manufacture the samples has been DMLS (Direct Metal Laser Sintering). Two 
different sample geometries have been studied: CoCr, Inconel 718 and Maraging Steel H-geometry 
samples (Figure 1 (a)) and Maraging Steel prototyped guide vanes (Figure 1 (b)). For the manufacturing 
of the samples a commercial DMLS system (EOS M270) with a 200 W Yttrium laser has been employed. 
 
(a) 
 
(b) 
Figure 1. Two types of samples manufactured by DMLS in this work: (a) H-geometry samples (b) Prototyped guide vanes 
In H-geometry samples it has been studied the effect on the final surface integrity of shot peening and 
different thermal treatments: aging in Inconel 718 and 2 hours of thermal treatment at 650, 850 and 1000 
ºC under different atmospheres (air, vacuum, N2) in CoCr samples. Ceramic balls of 0.5 mm diameter 
have been propelled using air at 4 bar of pressure for the shot peening. In the CoCr thermal treatments,  
an uncontrolled cooling inside the oven has been performed except for the vacuum atmosphere where a 
controlled cooling has been followed. 
In Maraging Steel guide vanes the effect of three final surface polishing treatments (AFM from 
Extrude Hone and two different vibratory techniques from Rösler referenced as 1 & 2) has been studied 
on surface residual stresses. The former consists of an Abrasive Flow Machining (AFM) process where a 
stream of abrasive paste is driven through the sample during 20 minutes. The latter polishing treatment is 
based on a vibration technique where a high number of pieces subjected to continuous rotation and 
stirring are introduced in a container filled with ceramic abrasive plus an additive compound during 14 
(Rösler 1) or 23 (Rösler 2) hours. 
To characterize the surface integrity of the samples there have been studied their microstructure (not 
collected in this work), hardness, porosity and surface residual stresses: Vickers hardness measurements 
using a load of 10 kg (HV10),  porosity analysis using an optical microscope taking twelve optical images 
acquired at 200x magnification and finally surface residual stresses by means of X-ray diffraction using 
the sen2ψ  method [5,6] with a Bruker D8 Advance diffractometer with parallel beam pollycap and Cr 
radiation (wavelength λ = 2.291 Å). 
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3. Results and discussion 
3.1. Hardness and porosity 
In Table  the hardness and mean porosity measured in some of the studied samples are gathered. In all 
the samples the amount of porosity is very low and the differences among samples are not attributable to 
the different treatments performed but to the DMLS manufacturing process itself. Therefore, neither shot 
peening nor heat treating affect the degree of porosity of the samples. 
Table 1. Hardness and porosity of the H-geometry samples 
Sample Material Heat treatment Shot peening Hardness HV 10 Porosity % 
H1 Maraging Steel NO NO 363 ± 5 0.24 
H2 Maraging Steel NO YES 363 ± 5 0.28 
H3 Inconel 718 NO NO 319 ± 18 0.02 
H6 Inconel 718 YES (AGING) YES 470 ± 8 0.17 
H7 CoCr NO NO 406 ± 7 0.06 
H8 CoCr NO YES 413 ± 7 0.04 
H10 CoCr 2h at 650 ºC in N2 YES 453 ± 7 0.05 
H12 CoCr 2h at 850 °C in N2 YES 510 ± 8 0.02 
H13 CoCr 2h at 850 °C in air NO 503 ± 13 0.06 
H14 CoCr 2h at 850 ºC in air YES 506 ± 8 0.13 
H16 CoCr 2h at 1000 ºC in N2 YES 509 ± 23 0.04 
H18 CoCr 2h at 1000 ºC in vacuum YES 420 ± 6 0.03 
The increase in hardness in the aged Inconel 718 samples is typical of the hardening expected by an 
aging treatment due to precipitation of the alloying elements presented in dissolution in the over-saturated 
matrix. 
Regarding CoCr alloy, the non heat-treated samples have a mean hardness of 410 HV10, which 
increases up to 450 HV10 after the heat treatment at 650 ºC, and up to 500-510 HV10 for heat treatments 
at 850 ºC and 1000 ºC, respectively. The increase in hardness with heat treatment temperature is because 
the higher the treatment temperature is, the higher temperature gradients occur in the cooling and 
therefore cooling is faster, being the maximum hardness that obtained after thermal treatment at 850 ºC. 
For the treatment at 1000 ºC, the final hardness is lower in vacuum than in N2, probably due to the 
controlled cooling carried out in the thermal treatment done in vacuum. 
3.2. Residual stresses 
The longitudinal surface residual stresses have been measured at four points in each sample to 
determine if DMLS manufacturing process and shot peening generate homogeneous residual stresses in 
different zones of the Maraging Steel H-geometry samples.. In Figure 2 (a) are presented the residual 
stress results at each measurement point. DMLS process leads to compressive stresses around -350 MPa 
at the last sintered layer (point A), whereas in the lateral face of the sample the residual stresses range 
from -56 to +9 MPa, without any clear tendency with the direction of layer growth. Therefore, in the 
lateral face the residual stresses are quite homogeneous, but very different from the surface residual 
stresses in the upper (last deposited) layer. Shot peening homogenizes the surface residual stress state 
(same residual stress values at different points and faces of a sample) leading to very compressive surface 
stresses (around -600 MPa), what is beneficial for the service life of the components when those are 
subjected to fatigue in use. 
The residual stresses have been measured at the same four points in H-geometry Inconel 718 samples 
being these results shown in Figure 2 (b). In the DMLS sample without any subsequent treatment the 
stress state is very heterogeneous even reaching (at some points) tensile values around +200 MPa, that are 
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detrimental to the service life of the parts, because tensile stresses favor crack formation and propagation 
and, therefore, diminish fatigue life of the component. Once again shot peening induces more 
homogeneous and very compressive surface residual stress state. The aging heat treatment on Inconel 718 
H-geometry sample leads to a stress state nearly null or slightly compressive since the heat treatment 
relieves the tensile residual stresses generated in the DMLS manufacturing process. The combination of 
aging heat treatment plus shot peening results in compressive stresses but not as relevant as those 
generated when only the shot peening is applied. This is because the positive effect of shot peening is 
counteracted by aging, which hardens the material by precipitation. 
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Figure 2. (a) Surface residual stresses measured at different points of Maraging steel H-geometry samples: with and without shot 
peening; (b) Surface residual stresses measured at different points of Inconel 718 H-geometry samples 
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Figure 3. Surface residual stresses measured at the top layer in CoCr samples subject to different treatments 
Surface residual stresses have been measured only in one point in CoCr samples, concretely in A point, 
since preliminary measurements offered there the most significant values. The obtained results are 
gathered in Figure 3. Comparing samples with the same thermal treatment but with and without shot 
peening it can be concluded that in all cases shot peening leads to more compressive residual stresses, 
although the stress changes induced by shot peening range between 300 and 700 MPa. In the thermal 
treatments performed under N2 atmosphere, as treatment temperature increases the change in stresses 
induced by shot peening diminishes; this is related to the increase in final hardness with treatment 
temperature, because the harder the material is the less effective is the subsequent shot peening in the 
generation of compressive residual stresses, since it is more difficult to generate plastic deformation in the 
material. Thermal treatments under air or vacuum are not so effective in the generation of compressive 
residual stresses as under N2 atmosphere. Comparing all the treatments studied on CoCr samples the 
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optimum treatment from the point of view of final surface residual stresses is the combination of thermal 
treatment of 2 hours at 850 ºC in N2 plus shot peening that leads also to the higher hardness. 
After the study on laboratory H-geometry samples a step forward in the production process has been 
achieved studying the effect of polishing (surface finishing) on the residual stress state of samples closer 
to real components manufactured by rapid prototyping. With this purpose, surface residual stresses have 
been measured in six Maraging steel prototyped guide vanes, two of them without finishing treatments 
and the other four with different polishing treatments. All the prototyped guide vanes have been subject to 
shot peening prior to the final polishing tests to start from a relieved stress state. Residual stresses have 
been measured on each vane surface at different points and in two directions (longitudinal and 
transversal), as is indicated in Figure 4 (with red and blue arrows). 
 
Figure 4. Surface residual stresses measurement points and direction in Maraging steel vanes 
The residual stress values measured at different points in each sample are practically identical; 
pointing out that the final surface stress state is very homogeneous before and after the polishing 
treatments. For this reason, and in order to simplify, in  are collected only the mean values (with its 
standard deviation) for each sample. 
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Figure 5. Mean value of surface longitudinal and transversal residual stresses measured in the six vanes of Maraging steel 
Thus, DMLS manufacturing process of maraging steel guide vanes followed by a mechanical 
stabilization treatment (such as shot peening) results in a homogeneous compressive surface residual 
stress state, validating the results obtained in laboratory H-geometry samples. These compressive residual 
stresses are beneficial for the service life of the components. Moreover, the manufacturing process DMLS 
+ shot peening is repeatable, as it generates residual stresses nearly identical in the two samples with the 
same manufacturing process. Furthermore, the three surface polishing treatments studied (Extrude Hone, 
Rösler 1 and Rösler 2) induce even more compressive stresses (around 200-250 MPa more compressive), 
being the Extrude Hone treatment the one that induces the highest change to more compressive values. 
Nevertheless, the two Rösler polishing treatments lead to more homogeneous stress state, as can be 
deduced comparing the error bars in , that correspond to the standard deviation obtained when calculating 
the mean values measured at different points in each sample. Finally, the repeatability of the Extrude 
Hone treatment has been also proved, as the two samples with same treatment present same residual stress 
values.  
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The fact that polishing treatments induce more compressive residual stresses indicates that in these 
processes the effect of plastic deformation is more important than thermal factors (friction heating, 
heating associated to plastic deformation, etc.), as these tend to induce tensile residual stresses whereas 
plastic deformation results in compressive stresses. Moreover, the two Rösler treatments result in similar 
residual stresses although Rösler 2 is 9 hours longer; indicating that the processing time is not definitive 
in this case on the achievement of stress stabilization. 
4. Summary and conclusions 
The DMLS process without any subsequent stabilization treatment results in samples with an 
inhomogeneous residual stress state that even reach tensile values at some points, what is very detrimental 
to the service life of the components as tensile stresses favor crack nucleation and propagation and 
therefore could diminish its fatigue life. Shot peening homogenizes surface residual stresses, also leading 
to very compressive stresses, beneficial to the service life of the part. 
Aging thermal treatment in Inconel 718 leads to material hardening by means of precipitation of 
second phases, but relieves in a certain way the tensile stresses generated in the material during the 
DMLS manufacturing process. Nevertheless, this thermal treatment limits the effectiveness of the shot 
peening, which is unable to lead to such compressive stresses as when applied on non hardened materials.  
Among all the treatments studied on CoCr samples, the optimum one from the point of view of surface 
residual stresses is the combination of 2 hours thermal treatment at 850 ºC under N2 atmosphere plus shot 
peening. This treatment also results in the highest hardness on the sample. 
Surface polishing treatments lead to strong compressive surface residual stresses, implying that the 
effect of plastic deformation in polishing treatments is more important than thermal factors. Among the 
polishing treatments studied, AFM method leads to more compressive stresses but less homogeneous than 
vibratory polishing processes.  
Acknowledgements 
The work here shown is part of the research done in the frame of “RC2 project (TST5-CT-
2006031236)” financed by the European Commision in the VI FP. This project has been also financed by 
the French & Spanish Government under the EUREKA program. Experimental tests of residual stresses 
have been done using a X-ray diffractometer that belongs to CIC-Margune. 
References 
[1] Ciraud P. Procédé pour la fabrication de pièces quelconques en matière également quelconque mais fusible. French 
Patent FR 2166526, deposited on December 28th 1971 and published on July 5th 1973.  
[2] Shellabear M, Nyrhilä O. DMLS-Development history and state of the art. Proceedings of the 4th International 
Conference on Laser Assisted Net Shape Engineering, LANE 2004. 21-24 Septiembre 2004, Erlangen. 393-404. 
[3] Over C, Meiners A, Wissenbach K, Lindemann M, Hammann G. Selective Laser melting: a new approach for the direct 
manufacturing of metals parts and tools. Proceedings of the 3rd International Conference on Laser Assisted Net Shape Engineering, 
LANE 2001. 28-31 Agosto 2001, Erlangen. 
[4] Kruth JP, Froyen L, Van Vaerenbergh J, Mercelis P, Rombouts M, Lauwers B. Selective laser melting of iron-based 
powder. J Mater Process Technol 2004; 149: 616-622. 
[5] Lu J. Handbook of Measurement of Residual Stresses. The Fairmont Press, Inc. (1996) 
[6] Noyan IC, Cohen JB. Residual Stress. Measurement by Diffraction and Interpretation. Materials Research and 
Engineering. Springer-Verlag (1987). 
